Abstract: Fruits of several, mainly Polish cultivars of floricane-and primocane-fruiting red raspberry (Rubus idaeus), black raspberry (Rubus occidentalis) and blackberry (Rubus fruticosus), grown in central Europe during two successive vegetation periods, were investigated. The content of phenolic compounds, including anthocyanins, as well as antioxidant properties of fruit extracts were analysed. A number of methods were employed: ferric ion reducing antioxidant power (FRAP), cupric ion reducing antioxidant capacity (CUPRAC), 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity involving both colorimetric and EPR spectrometric measurements. From among all the tested fruits black raspberries had the largest antioxidant capacity as verified by all methods used in this study. These berries were also the most abundant in phenolic and anthocyanin compounds. Blackberries were characterised by larger antioxidant capacity than red raspberry fruits which were accompanied by higher content of total phenolics and anthocyanins. Berries of primocane-fruiting cultivars, often used for intensive agricultural production, generally did not differ in the total phenolic and anthocyanin content as well as in the antioxidant capacity as compared to the traditional, floricane-fruiting ones. The research contributes to deep characterisation of central European berry fruits which due to their high content and large diversity of health-beneficial compounds are classified as natural functional food.
Introduction
During recent years Poland has become one of the largest raspberry producers in the world. The high quality of Polish raspberry fruits is a result of a combination of favourable climatic and soil conditions as well as advanced technologies. However, the turning point was the introduction of Polish primocane-fruiting (autumn) cultivars of berries into the mass production.
Primocane-fruiting raspberry cultivars can produce fruit twice a year. In early summer fruits are born on the previous year stems (canes), while in late summer and autumn they are developed on the unbranched, current ones. Primocane-fruiting cultivars have several advantages over traditional floricane-fruiting ones. Their short chilling requirements allow them to grow in warmer regions, producing a double crop, e.g. in Poland. However, many producers prune canes to the ground after the autumn crop, sacrificing the crop of the next summer for a single autumn one. Such a practice is less labour-intensive and the achievable crop quality is usually higher [1] .
Most of the raspberry fruits harvested in Poland are used for industrial purposes and the processed raspberries are well-known in European countries. On the other hand, blackberry (Rubus fruticosus) cultivation in Poland is considerably less popular but its importance is currently increasing.
The fruits of black raspberry (Rubus occidentalis) visually resemble blackberries. However, they are smaller, and, which is typical of raspberry, upon berry picking the torus remnants on the plant leave a hollow core in the fruit. Black raspberries are mostly popular in North America.
Raspberry and blackberry fruits are called 'berries', also in horticultural practice. Using this term, however, we should bear in mind that botanically they are in fact aggregate fruits formed by numerous drupelets assembled around a central core.
Both red and black raspberry as well as blackberry fruits are abundant in dietary phytochemicals such as flavonols, phenolic acids, ellagitannins, vitamins C and E, folic acid and β-sitosterol [2, 3] . Many of these bioactive compounds exhibit antioxidant activity. Although the content of sugars and organic acids (determined as soluble solids and titratable acidity) as well as their proportion are the most significant for the fruit tastiness and processing value [4] , the presence of nutritious ingredients mentioned above are high in importance nowadays. Anthocyanins and other phenolic compounds such as ellagitannins and ellagic acid, which distinguish raspberry from other berries, occur in a high content, and are mainly responsible for their broad healthbeneficial properties [5] . Some of them can modulate gene expression and cellular pathways as well as affect enzyme and hormone activities [5, 6] . Recent analyses revealed the presence of eight anthocyanins in cultivated blackberries [7] ; however, the majority of the content belongs to cyanidin 3-glucoside [7] [8] [9] [10] . Tornless cultivars produce larger amounts of anthocyanins, ellagitannins and ellagic acid derivatives while the torny ones are characterised by higher levels of hydroxycynnamic acids and flavonols [7] . Anthocyanin composition in red raspberries (R. idaeus) is more diverse and the most abundant pigments are cyanidin 3-sophoroside, cyanidin 3-glucosylrutinoside, cyanidin 3-glucoside and cyanidin 3-rutinoside, depending on the cultivar [9, [11] [12] [13] . Black raspberries (R. occidentalis) are rich especially in cyanidin 3-sambubioside, cyanidin 3-rutinoside, and cyanidin 3-xylosylrutinoside [14] . Anthocyanins reveal the ability to down-regulate cyclooxygenase II expression and activity of this enzyme, which in turn inhibits proliferation of several human cancer cell lines [3, 15] . In general, they exhibit a wide spectrum of anti-imflammatory properties [16] . There is also increasing evidence that they influence carbohydrate and lipid metabolism. McDougall and coworkers demonstrated that anthocyanins may interact with α-amylases whereas ellagitannis act on α-glucosidase [17] . In addition, anthocyanins and their aglycones play a role in inducing insulin secretion [18] . They also reveal anti-obesity activity by improving adipocyte function [19, 20] . The other important group of bioactive Rubus compounds are ellagitannins and their derivative ellagic acid that occur not only in the fruit pulp but also in seeds, which are the best source of these hydrolysable tannins. Recent reports confirmed the presence of several compounds of sanguiin and lambertianin classes [5] [6] [7] 12] . The presence of ellagic acid in human plasma is largely a consequence of their hydrolysis facilitated by physiological pH and activity of several colon microbiota [6] . Ellagic acid was found to reduce cancer cell growth by induction of apoptosis [21, 22] and to exert various antiinflammatory effects [6] . The other biologically important phenolics are flavonol glycosides (including quercetin-3-glucuronide and kaempferol-3-glucuronide), flavan-3-ols (mainly (+)-catechin) and hydroxy acids (gallic, salicyl, caffeic, p-hydroxybenoic, ferulic, p-cumaric, cinnamic and vanillic acids) [5, 12] . Phytochemicals present in black raspberries reduce vascular endothelial growth factor (VEGF) expression, which contributes to metastasis inhibition [23, 24] . Many raspberry and blackberry phenolics exhibit antimicrobial [25, 26] and antiviral [27] activities. Due to a high content and large diversity of health-beneficial phenolic compounds, raspberry and blackberry fruits can be regarded as natural functional food.
Until now, limited data have been available on the antioxidant properties of fruits of Polish primocane-and floricane-fruiting raspberry cultivars as well as of the blackberry ones that are grown in central Europe. Most experiments were performed on cultivars derived from western Europe and North America. The total content of anthocyanins and phenolic compounds in Rubus berries cultivated in central Europe is summarised in Table 1 . The quoted values differ significantly, which is a result not only of genotypic variability and environmental conditions but also of different procedures of collecting, storing, and extracting. These data will be discussed in detail in the following sections.
This research contributes to deep characterisation of central European berry fruits which will be valuable in assisting Rubus growers to select the best cultivars in planning of breeding strategies. We focused on 14 Polish cultivars of the Rubus family, most of which have not been examined so far. They include: red raspberry (R. idaeus), black raspberry (R. occidentalis) and blackberry (R. fruticosus). Berries of both primocane-and floricane-fruiting raspberry cultivars were examined and compared. The data were collected during two consecutive vegetation periods, which limited the influence of weather changeability factors. In the study, several different analytical methods were employed including two novel approaches: L-band EPR and CUPRAC.
Experimental procedure
Schematic presentation of the main analytical procedures used in the work is shown in Fig. 1 .
Fruit material
Ripe fruits of 16 cultivars of raspberry (Rubus idaeus L. and R. occidentalis L.) and blackberry (Rubus fruticosus L.), collected within growing seasons of 2012 and 2013, were obtained from The Experimental Station for Fruit Growing, Research Institute of Horticulture in Brzezna, southern Poland (20°35'E; 49°35'N), a leader in experimental breeding of raspberry and blackberry and a breeder of all the examined cultivars, except for 'Bristol' and 'Willamette'. In the case of primocane-fruiting cultivars, the berries were harvested once within the season, in August. Samples of biological material (0.5 kg each) were collected at randomized cultivation sectors. All the fruits were then stored frozen at -25°C for less than a month. The specification of the analysed fruit material is summarised in Table 2 . 
Chemicals
All standards and solutions were prepared with p.a. chemicals and deionised water (Christ-Aqua AG, Switzerland). Standards (chlorogenic acid, cyanidin 3-glucoside, and Trolox), Folin-Ciocalteu reagent, TPTZ (2,4,6-tris(2-tripyridyl)-s-triazine), copper(II)-neocuproine and DPPH (2,2-diphenyl-1-picrylhydrazyl) were purchased from Sigma-Aldrich Chemical Company. Methanol used for extraction was provided by Merck KGaA. Salts and compounds used for buffer preparations were purchased from Chempur (Piekary Śląskie, Poland) and Polskie Odczynniki Chemiczne (Gliwice, Poland).
Sample preparation
Freeze-drying of fruits was carried out in an Alpha 1-4 (Martin Christ Gefriertrocknungsan-lagen GmbH, Germany) lyophiliser at a pressure of 0.37 mbar for 48 h. The process was ceased after the sample reached approx. 20°C. The dry weight was 8-12% of the original, fresh weight, depending on the cultivar. The extracts were prepared by grinding 0.5 g of freeze-dried material (with seeds) with 20 mL of 80% methanol (applied in several portions) in a mortar. Homogenate was then centrifuged (4000 rpm for 15 min at 4°C, Heraeus Biofuge Stratos, ThermoScientific USA) and the supernatant filtered through a sintered glass funnel to a volumetric flask and filled up to the total volume of 20 mL. Test tubes with extracts were placed in darkness at temperature -25°C. The extracts were then used in both antioxidant capacity measurements and analyses of phenolic compounds.
Total phenolic content (TPC)
The content of phenolic compounds in the extracts was determined based on the reaction with a FolinCiocalteu reagent. A 2.4 mL volume of the diluted (5-10-fold dilution with H 2 O) extract was then mixed with 0.25 mL of 25% Na 2 CO 3 and 0.125 mL of the Folin-Ciocalteu reagent (diluted twice with H 2 O) and incubated for 15 min. The absorbance was measured at 760 nm after 15 min (UV/Vis spectrophotometer JASCO V-530). The final results were expressed as mg chlorogenic acid per 100 g fresh weight.
Total anthocyanin content
The contents of anthocyanins in extracts were analysed according to the method of Fukumoto and Mazza [33] . Briefly, 0.25 mL of the extract was mixed with 4.5 mL of 2% HCl in H 2 O (v/v) and 0.25 mL of 0.1% HCl in ethanol (v/v). Absorbance measurements were done at 520 nm (UV-Vis spectophotometer, HITACHI U-2900). Anthocyanin concentration was calculated based on the absorption coefficient of cyanidin 3-glucoside used as a reference.
Antioxidant capacity -FRAP assay
The FRAP (ferric reducing antioxidant power) assay is based on the reduction of ferric-tripyridyl-s-triazine (Fe +3 -TPTZ) complex to its ferrous derivative (Fe 2+ ) and was conducted according to Benzie and Strain [34] . The FRAP working solution was prepared fresh by mixing: 300 mM acetate buffer (pH 3.6), 10 mM TPTZ and 20 mM 
Antioxidant capacity -a CUPRAC assay
The CUPRAC (cupric ion reducing antioxidant capacity) assay in which utilisation of copper (II)-neocuproine as chromogenic oxidizing agent is measured was performed as described by Apak et al. [35] . In the test tube 1 mL of 10 mM CuCl 2 , 1 mL of 7.5 mM neocuproine and 1 mL of 1 M NH 4 Ac buffer, pH 7.0, were mixed with 0.025-0.05 mL of plant extracts and 0.8 mL of distilled water. After 5 min the absorbance was measured at 450 nm (UV/Vis spectrophotometer JASCO V-530). The results were expressed as µmol Trolox per gram of fresh weight.
Radical scavenging capacity (RSC) -a DPPH spectrophotometric assay
The radical scavenging capacity of extracts was tested following the reduction of a synthetic, stable free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH • ). The colorimetric method enables to measure absorbance changes of DPPH solution at 517 nm as a result of antioxidant activity of extract [36, 37] . Briefly, 3.95 mL of 0.1 mM DPPH solution in 96% ethanol was mixed with 0.05 mL of extracts. The DPPH absorbance was detected after 0.5, 1, 2, 3, 4 and 5 min (UV-Vis spectrophotometer, HITACHI U-2900). The RSC values were expressed as a percentage of the reduced DPPH after 5 min of the reaction.
Radical scavenging capacity (RSC) -DPPH -EPR measurements
The EPR analyses were carried out using low frequency (L-band, 1,2 GHz) spectrometry. The tested parameter was the ability of antioxidant compounds to reduce DPPH dissolved in methanol. The calculated amplitude of the EPR spectrum is proportional to the total radical content. The analyses were performed using a custom-built spectrometer working with the following, typical settings: maximum microwave power 16 
Statistical analysis
Six replicate measurements were done for each cultivar in both years. The data were analysed using the statistical software Statistica 10 (StatSoft). One-way analysis of variance (ANOVA) was applied to compare differences between mean values and the means were compared by a Duncan's test at α = 0.05 (Tables 3-6 ). Statistical analyses were performed independently for raspberries and blackberries as well as for each vegetation season. The data presented in Table 7 were evaluated by a Student's t-test.
Quality Assurance and Quality Control of the procedures
All the reagents used for spectroscopic and EPR measurements were gradient-grade or hyper-grade pure. Solutions of active compounds and standards were prepared daily prior to the measurements. The spectroscopic system was maintained according to the GLP rules [38] . During analyses of antioxidant compounds, the room was darkened and a stable temperature provided. In order to verify the obtained data, respective calibration curves were constructed for each analysis using appropriate concentrations of standards that covered ranges of all possible levels of antioxidant activity (a sixpoint scale from 0 to 2 mg% for chlorogenic acid and from 0 to 0.75 mM for Trolox). For linear regressions, R-squared coefficients above 0.95 were used to accept the obtained calibration curves. In determinations of phenolics and anthocyanins that occurred at high levels, the fruit extracts had to be diluted so as to obtain the absorbance range of 0.1-1.0, where the Lambert-Beer law was kept.
For EPR measurements, the laboratory room was shielded from electromagnetic noise. The DPPH stock solution was prepared in darkness by dissolving the free radical in methanol, paper-filtering and diluting so as to obtain the desired EPR signal amplitude of 900-1000 relative units. The minimal quantity of the detected paramagnetic centres was limited by the spectrometer noise whose average amplitude was of 20 units (approx. 2.0% of the initial blank signal). The DPPH solution was stored at 4°C and used within a week since the probe tends to decompose spontaneously to non-paramagnetic derivatives (in methanol its concentration was found to decrease at 1-3% per 24 h). At every experimental run Total phenolic content was expressed as chlorogenic acid equivalents per 100 g fw. Total anthocyanin content -as cyanidin 3-glucoside equivalents per 100 g fw. Values within a column followed by different letters differ significantly at α = 0.05. normalisation of the EPR signal was performed to ensure reproducibility of measurements.
Results and Discussion

Total phenolic content
The total phenolic content (TPC), expressed as chlorogenic acid equivalents, varied in red fruits of raspberry from 175.90 (cv. 'Sokolica') in 2013 to 549.02 mg 100 g -1 fw ('Laszka') in 2012 ( Table 3 ). The range of the content of these compounds in black raspberries was very broad: (Table 4) .
It should be noted that many results obtained with the Folin-Ciocalteu reagent have already been reported, both for raspberry and blackberry fruits. The data were most often expressed as gallic acid eguivalents, GAE. Wang and Lin [31] examined the red and black raspberry as well as blackberry juices and showed that TPC ranged from 208 to 268 mg 100 g -1 fw in raspberries and from 204 to 248 mg 100 g -1 fw in blackberries. On the other hand, Anttonen and Karjalainen [39] revealed the respective values for red raspberries grown in Finland and extracted with 70% acetone containing 0.1% HCl. These values were found between 192 and 359 mg 100 g -1 fw. Pantelidis and co-workers [28] reported that 50%-methanolic extracts of fruits of a few raspberry cultivars grown in Greece contained between 1052 and 2494 mg GAE 100 g -1 dw. In the case of primocane-fruiting raspberry cultivars they examined fruits of two harvest periods and demonstrated that fruits of the late season were more abundant in phenolic compounds, which increased from 1280 to 1905 mg 100 g -1 dw ('Heritage') and from 1052 to 2494 mg 100 g -1 dw ('Autumn Bliss'). The TPC for blackberries ranged from 1703 to 2349 mg 100 g -1 dw. Weber and co-workers [40] determined that the TPC in solvent-extracted puree of red, black and yellow-coloured raspberries grown in the U.S. (New York and Washington States) ranged from 299 to 715 mg 100 g -1 fw. According to work of Bobinaitė et al. [32] the TPC values of methanolic extracts of raspberries from Lithuania varied from 278.6 (Polish primocane cv. 'Pokusa') to 714.7 mg 100 g -1 fw ('Bristol'). Chen and coworkers [29] showed the TPC values of raspberries grown in northern China, in extracts prepared of 0.1% (v/v) methanol, as ranging from 215.54 to 619.35 mg 100 g -1 fw.
Total anthocyanin content
Anthocyanin pigments are responsible for raspberry and blackberry colours of fruits, except for a yellow cultivar. Some authors [41] claim that the observed high antioxidant potential of raspberries can be attributed to an elevated concentration of anthocyanins. As it was mentioned in the introduction, cyanidin 3-glucoside is the most quantitatively predominant anthocyanin in blackberries [7] [8] [9] [10] , while in red raspberries other cyanidins: cyanidin 3-sophoroside, cyanidin 3-glucosylrutinoside, cyanidin 3-glucoside and cyanidin 3-rutinoside occur in different proportions, depending on the cultivar [9, [11] [12] [13] . In the method of Fukumoto and Mazza used in this study, the values were expressed as equivalents of cyanidin 3-glucoside per 100 g fw. Using this compound as a reference for Rubus objects is a common practice; however, this may contribute additional slight imprecision in calculations for red raspberries. The total anthocyanin (TAC) content in the investigated fruits varied from 5.87 (yellow raspberry cv. 'Poranna Rosa', in 2013) to 608.24 mg (black raspberry 'Litacz', 2012) ( Table 3) . Among red-coloured raspberries the TAC ranged from 29.69 ('Sokolica', 2013) to 81.13 mg ('Willamette', 2012) ( Table 3) . (Table 4) . Although the applied method is estimative in character, our results in general coincided with the previously reported data. The total anthocyanin content in red raspberries, expressed also as cyanidin 3-glucoside equivalents per 100 g fw, varied from 45.4 to 99.5 mg [31] and from 35.1 to 49.1 mg [28] . In black raspberries (cv. 'Jewel' juice) the anthocyanin content ranged from 55.4 to 197.2 mg 100 g -1 fw [31] . Blackberries contained 125.6-152.2 mg cy-3-glucoside 100 g -1 fw, depending on the cultivar [28] . Koponen and co-workers [42] concluded that TAC was typically below 100 mg 100 g -1 fw in red raspberries, regardless the method or cultivar, and above 150 mg 100 g -1 fw in dark/black/blue berries.
Antioxidant properties
FRAP and CUPRAC measurements
Both FRAP and CUPRAC methods are based on the formation of chromogenic product due to the reduction of ferric (FRAP) or cupric (CUPRAC) ions by antioxidants present in plant methanolic extracts. The FRAP method is widely used as it is simple, rapid, reproducible and highly correlated with the total phenolics [43] . The CUPRAC method, in turn, has been found to offer many advantages. It reacts to a much broader range of thiol antioxidants than the FRAP method and it is more selective due to its lower redox potential: simple sugars, citric acid or other low molecular reducers are not oxidised under CUPRAC conditions. This method is also insensitive to light and pH and more stable than the assays applying chromogenic radical reagents such as DPPH and ABTS [35] .
The FRAP values, expressed as Trolox equivalents, TE, per gram of fresh weight, varied from 5.82 ('Poranna Rosa', 2013) to 44.05 µmol ('Bristol', 2012) ( Table 5) . CUPRAC values, as expressed in the same units, ranged from 16.06 to 75.28 µmol TE g -1 fw ('Willamette' in 2012 and 'Litacz' in 2013, respectively). Results of both analyses indicated black raspberries as most abundant in antioxidants, taking into consideration their total content. Among blackberries, the highest FRAP values were noted for 'Ruczaj' fruits (2012) and the highest CUPRAC values -for fruits of 'Gaj' (2013) ( Table 6 ).
It is difficult to compare FRAP results of other researchers because of the use of a variety of different units, apart from the applied methods of extraction. According to Weber and co-workers [40] , the FRAP values ranged from 15 (red-coloured raspberries) to 50 µmol TE g -1 fw (the case of black raspberries 'Bristol'). Çekiç and co-workers [44] examined fruits of red raspberry 'Heritage' and black raspberry 'Tulameen' grown at high altitude in Turkey and received the following FRAP values: 18.1 and 14.4 µmol TE g -1 fw, respectively, which are slightly higher than the ones obtained in our study. In the paper of Pantelidis et al. [28] the FRAP values, expressed as ascorbic acid equivalents per gram of dry weight, ranged from 77.7 to 169.7 µmol and reached 169.0 µmol in the case of blackberry extracts. In 2013 Chen and co-workers [29] reported FRAP values as 922.88-2874.44 mg ascorbic acid eq. 100 g -1 fw. The CUPRAC, as a newly developed method, has been to date applied less often despite its numerous advantages. Sariburun et al. [45] analysed phenolic composition and antioxidant potential of five cultivars of raspberries and four genotypes of blackberries. The CUPRAC activity in blackberries assayed in methanolic extracts ranged from 93.12 to 127.15 µmol TE g -1 fw while in raspberries: 69.54 to 108.04 µmol TE g -1 fw. In that study it was also revealed that CUPRAC activity in raspberry fruits was positively correlated with the total phenolic content, while in blackberries the highest value of correlation coefficient indicated the strongest relation between the CUPRAC values and anthocyanin content. Generally, fruits of blackberry cultivars had higher total antioxidant activity than that of raspberry cultivars as tested by the CUPRAC method.
DPPH measurements
Both spectrophotometric and EPR measurements involved a free radical, DPPH. The bleaching of DPPH during its reduction is a base of the spectophotometric assay. The EPR technique gives in turn the opportunity to detect DPPH
• quenching directly. The amplitude of its EPR signal, proportional to the content, decreases during the reaction with an antiradical substance or an antiradical mixture such as plant extract.
The novel application of the L-band EPR technique to examine some redox reactions ensures high sensitivity of a measurement and gives an additional opportunity to perform analyses in an aquatic environment, i.e. in juices, extracts, pastes, cell suspensions and even plant tissues [46, 47] .
The proportions of reagents in DPPH-EPR measurements were established so as to observe kinetics on a longer time scale (detailed data not presented). The radical scavenging capacities (RSC) values were expressed as a percentage of radicals quenched in 5 and 60 min (in spectrophotometric and EPR measurements, respectively).
The RSC values in the examined raspberry fruits ranged from 28.05 (yellow-fruited cv. 'Poranna Rosa', 2012) to 66.28% (black raspberry 'Litacz', 2012) in spectrophotometric measurements, and from 55.06 ('Poranna Rosa', 2012) to 96.90% ('Litacz', 2012) due to the EPR analysis (Table 5) .
Among blackberries, the RSC values measured colorimetrically varied from 31.58 ('Ruczaj', 2013) to 61.55% ('Gaj', 2012). The EPR measurement brought radical scavenging capacities above 85.60% ('Polar', 2013) ( Table 6 ). The differences between values obtained for the tested blackberry cultivars were statistically insignificant.
The EPR spectra were almost totally quenched after 60 min reactions with the extracts of either black raspberries or blackberries (Fig. 2) . The values obtained for the majority of samples were above 90% but could not reach 100% because of random fluctuations generated by the spectrometer. Their averaged amplitudes were estimated to be about 2% of mean amplitude of the blank sample signal. Therefore, the RSC values approximated to 98% indicated samples lacking in DPPH in its radical form.
Bobinaitė and co-workers [32] examined raspberry fruits from Lithuania and also expressed spectrophotometric RSC values of methanolic extracts as a percent of reduction of the DPPH radical. After 30 min the values ranged from 57.9 (red raspberry 'Meeker') to 82.4% (black raspberry 'Bristol'). These data seem to be in agreement with our results, taking into account the shorter time of our reaction (5 min). Other literature RSC values of raspberry, expressed as ascorbic acid equivalents per 100 gram of fresh weight, varied from 697.15 to 1035.79 mg [29] .
In order to carry out a more general analysis we divided the objects into groups and compared the mean values of phenolics and anthocyanin contents as well as antioxidant capacities ( Table 7) . The results for berries of the only yellow-fruited cultivar were excluded. The comparison of mean phenolic content values in blackberry and typical red-coloured raspberry fruits show over 1.3-fold (2012) and 1.6-fold (2013) prevalence of phenolics in blackberries ( Table 7 ). The differences between the values obtained for black fruits of raspberry and blackberry were over 2-and 1.5-fold higher in favour of black raspberries, as tested for both seasons. We did not notice any significant differences between the TPC values in summer and autumn for the red-coloured raspberry fruits.
The comparison of total anthocyanin contents between the investigated groups showed that black raspberries had over 5-fold higher content of anthocyanins than that of the red-coloured raspberries and over twice higher than that of blackberries. Similarly to the total phenolic content measurements, we did not observe any significantly important differences between anthocyanin values recorded for floricane and primocane R. idaeus fruits. The antioxidant capacity measurements have been proposed as an indicator of the presence of healthbeneficial compounds [48] . By the use of differential analytical methods Beekwilder and co-workers [49] reported that red raspberries had the highest antioxidant capacity followed by strawberries, kiwi, broccoli, leek, apple and tomato.
In our work the fruits of blackberry exhibited higher FRAP, CUPRAC and DPPH-EPR values than those of red raspberry. The observed differences were the highest in the case of FRAP measurements: about 150 and 140% (in 2012 and 2013, respectively). Here, only the data obtained with the DPPH-spectrophotometric assay differed insignificantly. Black raspberries were distinguished by the largest antioxidant capacities as measured with all the assays. They showed 4.2-and 2.3-fold larger antioxidant capacities than typical red-coloured berries, and 2.7-and 1.7-fold larger than blackberries (FRAP, 2012 and 2013) . The comparison of antioxidant capacities of floricane and primocane red raspberries generally showed no statistical differences as measured by the methods used in the study.
The highest phenolic content in black raspberry fruits compared with the red raspberries and blackberries was demonstrated in literature [31] . The higher content of phenolic compounds in blackberries than in raspberries as tested by the Folin-Ciocalteu method was also confirmed by Pantelidis et al. [28] . However, the application of a new enzymatic method by Işik and co-workers [50] revealed relatively slight differences between the phenolic contents in these two groups as compared to results obtained due to the Folin-Ciocalteu assay.
The lack of statistical differences in phenolic content between red floricane and primocane fruits may be, to some extent, elucidated by their close genetic similarity. However, the climatic conditions may be less important then the genetic factor [51, 52] . As mentioned above, Pantelidis et al. [28] demonstrated that for the late crop of 'Heritage' and 'Autumn Bliss', primocane fruits were more abundant in phenolics than for the early one. The primocane fruits used in this study were picked in August when the crop was the largest during the fruitbearing season, so it may be considered as a crop richer in phenolics.
High accumulation of anthocyanins in black raspberries was already reported. According to the literature sources, black raspberries contained the highest anthocyanin level among all berries [53] . However, the observed two-fold difference between mean values obtained for black raspberries and blackberries is remarkable as the colour of these fruits might suggest comparable anthocyanin contents.
The lowest anthocyanin level in fruits of yellowcoloured raspberry 'Poranna Rosa' is of no surprise as their colour is a result of the accumulation of carotenoids, mainly lutein [54] , flavanols, and other phenolics which in typical red fruits are masked by anthocyanins. However, the phenolic content in 'Poranna Rosa' berries as well as their antioxidant capacity values were only slightly lower or even similar to those reported for the red fruits. According to Weber et al. [40] , phenolic compounds other than anthocyanins are responsible for the majority of antioxidant capacity of Rubus idaeus fruits. Most probably, ellagitannins and ellagic acid play a predominant role in these reactions. Moreover, Määttä-Riihinen and coworkers [11] demonstrated that the yellow raspberry fruits contained higher amounts of ellagitannins than the typical red fruits. It is likely that these compounds are also responsible for the 'Poranna Rosa' antioxidant capacities being similar to those reported for the red fruits. Additionally, red raspberries were also shown to contain ascorbic acid. Liu and co-workers [55] demonstrated however, that due to small accumulation of ascorbate, this compound contributed only a little to the total antioxidant capacity of raspberry fruits. Other authors showed that ascorbic acid accounted for only 6% of the total antioxidant activity in raspberry [56] . By contrast, Beekwilder and co-workers [49] estimated that ascorbate contribution was about 20%. In blackberries, anthocyanins represent a much higher percent of phenolics. Also, these fruits are not as rich in ascorbate as raspberries and thus a strong correlation may be observed between their antioxidant activity and total anthocyanin content [57] . On the other hand, a linear correlation was also found between the total phenolic content (Folin-Ciocalteu assay) and the total antioxidant capacity (ABTS assay), which proves the substantial contribution of phenolics to the antioxidant properties of red raspberries [30] . Considering the higher antioxidant capacities in black fruits, i.e. blackberries and black raspberries, such results are not surprising. The obtained data show the importance of phenolics for possible health benefits resulting from consumption of these berries.
Our work, for the first time, was aimed at comparison of primocane and floricane fruits. We found no statistical differences in phenolic and anthocyanin contents as well as antioxidant capacities between fruits born in summer (in first days of July) and autumn (here, in the middle of August). In the work of Bobinaitė et al. [32] , the authors also analysed phenolic contents and antioxidant capacities of primocane and floricane raspberries and their values obtained for primocane fruits seem to be slightly lower. The possible explanation of these differences might be a consequence of weather influence, not only during harvesting. The few weeks preceding the harvest is essential for the fruit value. Therefore, analyses for more than one vegetation period are necessary. According to our observations (K. Król-Dyrek, personal communication), the weather conditions during growing seasons of 2012 and 2013 were typical of the climate of southern Poland.
Both the phenolic content and the antioxidant capacity depend on many factors, such as genotype, climatic and cultivation conditions, maturity stage, storage time and storage conditions. The differences between values obtained for both years should be elucidated in a few ways. As mentioned above, climatic condition differences between vegetative periods are essential; however, the maturity stage is also very important.
Fruits for analyses were picked when the crop was of the highest quality; however, colours and extract contents of fruits slightly differed between years (K. Król-Dyrek and A. Orzeł, unpublished data). Upon ripening, the level of total phenolics decreases in raspberry and blackberry fruits, while the biosyntheses of anthocyanins as well as reducing sugars occurs intensively until maturation is completed [58, 59] . The antioxidant properties analysed with DPPH and ORAC (oxygen radical absorbance capacity) methods slightly decreased during this process [60] . Therefore, the determination of maturity stage seems to be crucial for accuracy and reproducibility of the results.
Most of the literature data on raspberries and blackberries is based on single year results. The well pronounced differences in the total phenolic and anthocyanin contents as well as in the antioxidant capacities, as observed in this study, suggest that such investigations should be performed using fruits of more than one growing season.
Conclusions
Selecting primocane-fruiting raspberry cultivars contributed to raspberry production development and ensured economical success to producers. The presented data show that primocane-fruiting (autumn) cultivars grown in Poland, collected within the high harvest season, generally did not differ in the total phenolic and anthocyanin contents as well as in the antioxidant capacity as compared to the floricane-fruiting ones. This is an expected result and implies that the observed tendency to convert the cultivation profile in Poland and surrounding countries by replacing the traditional summer cultivars with primocane-fruiting ones bears no risk of lowering the quality of the berries. The latter cultivars maintain their high health-beneficial values and moreover, since they prove suitable for intensive agricultural production, a perspective of their increased cultivation finds strong support.
Although it was earlier shown that black raspberries contained a markedly higher amount of phenolics, especially anthocyanins, than red raspberries and blackberries, our results confirmed their significantly larger antioxidant capacity, owing to application of several assays. Therefore, black raspberry, little known in central Europe but with the potentially huge health-beneficial value should be considerably better promoted. Likewise, these blackberry cultivars that are genetically betteradapted to the central European conditions, deserve to become more popular in this region.
Further studies should expand our knowledge about composition and variations of phytochemicals in raspberry and blackberry fruits of native cultivars in order to select the best ones for breeding strategies and producing highvalue functional food.
